Background: Screening breast MRI has been shown to preferentially detect high-grade ductal carcinoma in situ (DCIS) and invasive carcinoma, likely due to increased angiogenesis resulting in early initial uptake of contrast. As interest grows in abbreviated screening breast MRI (AB-MRI), markers of early contrast washin that can predict tumor grade and potential aggressiveness are of clinical interest. Purpose: To evaluate the feasibility of using the initial enhancement ratio (IER) as a surrogate marker for tumor grade, hormone receptor status, and prognostic markers, as an initial step to being incorporated into AB-MRI. Study Type: Retrospective. Subjects: In all, 162 women (mean 55.0 years, range 32.8-87.7 years) with 187 malignancies imaged January 2012-November 2015. Field Strength/Sequence: Images were acquired at 3.0T with a T 1 -weighted gradient echo fat-suppressed-volume interpolated breath-hold sequence. Assessment: Subjects underwent dynamic contrast-enhanced breast MRI with a 7-channel breast coil. IER (% signal increase over baseline at the first postcontrast acquisition) was assessed and correlated with background parenchymal enhancement, washout curves, stage, and final pathology. Statistical Tests: Chi-square test, Spearman rank correlation, Mann-Whitney U-tests, Bland-Altman analysis, and receiver operating characteristic curve analysis. Results: IER was higher for invasive cancer than for DCIS (R1/R2, P < 0.001). IER increased with tumor grade (R1: r 5 0.56, P < 0.001, R2: r 5 0.50, P < 0.001), as ki-67 increased (R1: r 5 0.35, P < 0.001; R2 r 5 0.35, P < 0.001), and for node-positive disease (R1/R2, P 5 0.001). IER was higher for human epidermal growth factor receptor two-positive and triple negative cancers than for estrogen receptor-positive / progesterone receptor-positive tumors (R1 P < 0.001-0.002; R2 P 5 0.0.001-0.011). IER had higher sensitivity (80.6% vs. 75.5%) and specificity (55.8% vs. 48.1%) than washout curves for positive nodes, higher specificity (48.1% vs. 36.5%) and positive predictive value (70.2% vs. 66.7%) for high ki-67, and excellent interobserver agreement (intraclass correlation coefficient 5 0.82). Data Conclusion: IER, a measurement of early contrast washin, is associated with higher-grade malignancies and tumor aggressiveness and might be potentially incorporated into an AB-MRI protocol. Level of Evidence: 3 Technical Efficacy: Stage 2
D
ynamic contrast-enhanced (DCE) breast magnetic resonance imaging (MRI) has demonstrated high sensitivity for breast malignancies compared to screening breast ultrasound and mammography, 1,2 and higher sensitivity and specificity than digital breast tomosynthesis. 3, 4 Although breast DCE-MRI is currently recommended only for screening high-risk women, 5 it has been suggested as a more effective screening method for women at intermediate risk of breast cancer 6, 7 and women with dense breast parenchyma. 8, 9 However, utilization of breast MRI remains limited by cost, availability, and interpretation time. A fast, abbreviated breast MRI (AB-MRI) screening exam with a 60-90-second scan time is therefore of recent interest, 8, [10] [11] [12] demonstrating high sensitivity for malignancy with short scan and interpretation times.
As most AB-MRI protocols are too short to evaluate washout curve analysis per Breast Imaging Reporting and Data System (BI-RADS) criteria, 13 alternative and readily available measurements that incorporate washin temporal kinetic data could potentially add value in AB-MRI. Washin temporal kinetic data relies on the fast initial contrast uptake observed in high-grade DCIS and invasive cancers due to increased angiogenic activity. [14] [15] [16] [17] The added value of contrast washin is likely why MRI screening detects more biologically relevant high-grade DCIS and invasive cancers compared to other breast imaging modalities. [18] [19] [20] [21] Fast initial contrast washin has also been demonstrated in human epidermal growth factor receptor two-positive (HER2 1 ) and triple negative (TNBC) breast cancers, 21 cancers with nodal metastases, 22, 23 and in tumors with high ki-67, 21 a marker of cell division and proliferation. As these factors independently predict more aggressive tumors that have lower disease-free and recurrence-free survival, [24] [25] [26] [27] evaluating markers of contrast washin in AB-MRI can offer important prognostic information. Prior AB-MRI studies have evaluated the sensitivity and specificity of various protocols 8, [10] [11] [12] and semiquantitative parameters in sequences with temporal resolution of 10-20 seconds. [28] [29] [30] [31] Recent MRI sequences utilizing less than 10 seconds per frame, 28, 29 including compressed sensing methods, 32, 33 have advanced the possibility of high spatial and temporal resolution sequences, allowing simultaneous morphological and semiquantitative analysis, but remain under development. Although highly sensitive for malignancy, the postprocessing and increased turnaround time needed for deriving these semiquantitative values are clinically impractical at present for most radiologists performing and interpreting breast MRI. While most markers of initial contrast uptake are difficult to obtain with a temporal resolution greater than 20 seconds, one marker, the initial enhancement ratio (IER), 34 is easily measured on conventional DCE-MRI and has been shown in prior evaluation of AB-MRI to correlate with tumor grade. 12 However, other washin features predicting tumor aggressiveness such as axillary nodal metastasis and biomarker expression have not been previously evaluated in the context of AB-MRI. As screening MRI preferentially detects biologically relevant cancer compared to mammography, 18 retaining this ability in AB-MRI is of clinical importance. The purpose of our study was therefore to evaluate the feasibility of using IER, a measurement of contrast washin, as a surrogate marker for tumor grade, tumor receptor expression, and aggressiveness in invasive ductal carcinoma and ductal carcinoma in situ (DCIS).
Materials and Methods

Study Population
This Health Insurance Portability and Accountability (HIPAA)-compliant retrospective study was performed with approval from our Institutional Review Board (IRB) with waiver of informed consent. In all, 162 women (mean age 55.0, range 32.8-87.7 years) with 187 biopsy-proven malignancies were imaged between January 2012 and November 2015. Eighteen additional women imaged during this time underwent neoadjuvant chemotherapy prior to breast MRI and were excluded. The final cohort of 162 women had surgical pathology available for all lesions. Although all women underwent breast MRI for evaluation of extent of disease, at our institution a large percentage of these studies are TNBC and HER2 1 tumors due to the aggressiveness of these subtypes.
MRI Technique
All women underwent bilateral breast DCE-MRI on a 3.0T magnet (TimTrio, Siemens Medical Solutions, Erlangen, Germany) in the prone position using a dedicated surface breast coil (7-Channel Breast Biopsy Array; InVivo Research, Gainesville, FL). The diagnostic protocol at our institution consisted of sagittal T 1 -weighted gradient echo, sagittal T 2 -weighted, sagittal T 1 -weighted gradient echo fat-suppressed volume-interpolated breath-hold exam (VIBE) pre-and three postcontrast acquisitions beginning 70 seconds postinjection of Gd-DTPA (Magnevist, Bayer Healthcare, Leverkusen, Germany) at 0.1 mM/kg body weight at 2 mL/s via an intravenous catheter followed by saline flush. Each VIBE acquisition time was 100 seconds, with a total imaging time of 35 minutes. T 1 -weighted imaging parameters included: repetition time / echo time (TR/TE) 5 4.01/1.52 msec, flip angle 128, slice thickness 1 mm, matrix 384 3 384, field of view (FOV) 270 mm. Subtraction images were automatically generated at the workstation by subtraction of the precontrast images from the first postcontrast images on a pixel-by-pixel basis. For the purposes of this study, a theoretical retrospective abbreviated MRI exam was used. It consists of three sequences: the precontrast VIBE (100 seconds), first postcontrast VIBE (100 seconds), and corresponding automatically generated first postcontrast subtraction images. Since a localizer sequence (60 seconds) is performed prior to scanning the patient, the total imaging time for this abbreviated exam is 4 minutes and 20 seconds. Pre-and postcontrast VIBE DCE-MRI images were transferred to a clinical workstation for postprocessing by commercially available computer-aided detection (CAD) software (DynaCAD, InVivo). This software automatically performs motion correction and generates conventional kinetic curve types based on pixel signal intensity compared between precontrast and postcontrast images.
Data Collection
First, postcontrast images acquired at 70 seconds postinjection were used for lesion analysis. The previously described commercially available software (DynaCAD, InVivo) was used to measure the initial enhancement ratio (IER; % signal increase over baseline at first postcontrast acquisition). IER was evaluated by two independent readers blinded to lesion pathology (A.A.L. and L.H., 3 years and 1 year experience each) by analyzing signal intensity changes in representative voxels on first postcontrast subtraction images. Readers used the CAD software to select a whole lesion region of interest (ROI) on a reader-selected slice of interest on first postcontrast subtraction images, excluding regions of necrosis and manually editing the ROI if necessary. The software then automatically selected the voxel with the highest percentage increase in signal intensity within that ROI (Fig. 1 ). This value was recorded as the IER, as previously described. 12, 34 The IER was compared with the conventional washout curves automatically generated by the same software for that lesion. If lesions demonstrated mixed curve types, then the worst curve was recorded. Contralateral and peritumoral background parenchymal enhancement (BPE) were assessed qualitatively on the first postcontrast subtraction image by a single reader (L.H., 1 year experience). Peritumoral BPE was defined as the qualitative BPE measured within 5 mm from the tumor margin, as previously described. 35 BPE was graded on a 1-4 scale (minimal, mild, moderate, and marked) corresponding to MRI BI-RADS criteria. 13 Medical records were reviewed for clinical-pathological data including size, tumor receptor expression (estrogen receptor [ER], progesterone receptor [PR] , and HER2 positivity, ki-67, pathologyproven axillary metastases, Oncotype DX score; Genomic Health, Redwood City, CA), and tumor stage. ER/PR status was considered positive if 1% or more of the tumor cells showed nuclear staining at immunohistochemistry analysis as per American Society of Clinical Oncology/College of American Pathologists criteria. HER2 status was considered positive if the immunohistochemistry result was 3 1 (positive) or 2 1 (borderline) confirmed by fluorescence in situ hybridization testing. Ki-67 was recorded as a scale measurement from 1-100% and considered high if greater than 14%. 36 Oncotype DX is a 21-gene, breast-cancer-specific expression profile used by clinicians to evaluate the likelihood of developing distant recurrence in ER-positive early-stage breast cancer; the results are used to determine the need for adjuvant chemotherapy. The Oncotype DX score can be stratified in three risk categories: low (<18), intermediate (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) , and high (>30). 37 Tumor grade, hormone receptor expression, presence of nodal metastases by needle biopsy or at time of surgery, and high ki-67 have all been associated with rapid local spread, decreased time to recurrence, and decreased disease-free survival.
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Statistical Analysis
Associations involving nominal categorical factors were assessed using the chi-square test. Bivariate associations of IER were assessed using the Spearman rank correlation. Subject groups defined in terms of specific features were compared in terms of IER from each reader using a Mann-Whitney test. Reader agreement in terms of IER was assessed using the concordance and intraclass correlation coefficients and the mean additive bias and limits of agreement from a Bland-Altman analysis. The utility of the IER values from both readers combined for the detection of specific binary features was assessed using a receiver operator characteristic (ROC) curve analysis with the Youden Index as the criterion for identifying a threshold value of IER that maximized sensitivity and specificity of detection of that feature. 38 The ROC analysis used the combined data from both readers in order to identify a reader-independent threshold (ie, a single value that could be applied to the data from both readers for the purpose of classifying tumors as test positive or test negative for the feature). Accuracy, sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) of IER were then compared to washout kinetic curves (type 3) 14 in the evaluation of invasive versus noninvasive cancer, biologically relevant disease (defined as high-grade DCIS and invasive cancers) versus more indolent disease, cancers with positive axillary nodes (with positive biopsy or pathology-proven at time of surgery) and cancers with high ki-67 (>14%) at preoperative biopsy. Finally, the area under (AUC) the ROC curve was used to compare the diagnostic utility of IER and type 3 kinetic curves for these four outcomes using the Delong test. Differences in all statistical tests were conducted at the two-sided 5% significance level using SAS 9.4 (SAS Institute, Cary, NC). cancers (Table 2) . Of 178 cases with final surgical nodal pathology, 27.5% (49/178) had pathology-proven nodes (by biopsy or at surgical excision). Of the 151 invasive cancers with ki-67 available, 58.2% (88/151) had a ki-67 greater than 14%.
Results
Patient Population
Correlation of IER With Tumor Grades and Markers
Overall, IER was significantly higher in invasive cancer than in DCIS (both readers, P < 0.001), and higher for invasive cancers and high-grade DCIS when compared to low-and intermediategrade DCIS (both readers, P < 0.001; Fig. 2 ). IER showed a moderate and significant tendency to increase as tumor grade increased for all lesions (Reader 1 [R1]: r 5 0.56, P < 0.001, R2: r 5 0.50, P < 0.001; Fig. 3 ). IER increased as lesion size (R1 r 5 0.31, P < 0.001; R2 r 5 0.28, P < 0.001) and ki-67 increased (R1: r 5 0.35, P < 0.001; R2 r 5 0.35, P < 0.001).
When correlated with tumor markers, mean IER was higher for HER2 1 (214.9% 6 68.7%, P 5 0.002) and TNBC (232.1% 6 75.3%, P < 0.001) than for ER IER Diagnostic Utility, Sensitivity, Specificity, PPV, and NPV The AUC of an ROC curve analysis was used to pick a threshold IER maximizing the sum of sensitivity and specificity (ie, Youden Index). 38 IER AUC was significant for Compared to Type 3 washout curves, IER had higher sensitivity (80.6% vs. 76.5%) and specificity (55.8% vs. 48.1%) for positive axillary nodes but was less sensitive (59.9% vs. 73.3%) and specific (85.4% vs. 87.8%) for invasive cancers. IER was less sensitive (60.9% vs. 64.7%) but equally specific (88.2%) for biologically relevant cancers, and less sensitive (78.4% vs. 81.5%) for high ki-67 but more specific (48.1% vs. 36.5%). IER had higher PPV than Type 3 curves for positive nodes (40.9% vs. 35.6%) and high ki-67 (70.2% vs. 66.7%) ( Table 3) .
When using the AUC as a measure of the overall diagnostic utility of IER, IER had higher AUC (0.720) than Type 3 curves (0.618) for positive axillary nodes, a statistically significant finding (P 5 0.004). There was no significant difference in the AUC for IER and Type 3 curves for invasive cancers (P 5 0.813), biologically relevant cancers (P 5 0.440), or high ki-67 (P 5 0.073) ( Table 3) . Lesion shape and internal enhancement pattern could not be compared between IER and washout curve types due to insufficient subgroup numbers.
IER and BPE IER increased as contralateral BPE (r 5 0.24-0.29, P < 0.001), ipsilateral BPE (r 5 0.25-0.31, P < 0.001), and peritumoral BPE increased (R1 r 5 0.26 P < 0.001; R2 r 5 0.22, P 5 0.003). However, there was no correlation between BPE and size (P 5 0.054-0.202), tumor grade (P 5 0.435-0.958), ki-67 (P 5 0.234-0.691) or axillary node status at final excision (P 5 0.890, P 5 0.129).
IER and Reader Agreement
There was substantial interobserver agreement for IER measurements, with both concordance and intraclass correlation coefficients of 0.82. No significant trend was seen on Bland-Altman analysis (Fig. 4) .
Discussion
In this study we evaluated the IER as a marker of early contrast washin and found a moderate, significant correlation between tumor grade and IER, with increased IER in highgrade DCIS and invasive cancers. The correlation of IER with tumor grade likely reflects the increased angiogenesis seen in these lesions, leading to faster washin of contrast. [14] [15] [16] 21 Although the association of washin temporal kinetics and tumor grade has been examined previously in full diagnostic protocols, it has not been extensively studied in a conventional AB-MRI with temporal resolution of 2-3 minutes. Our results are similar to that of Heacock et al, who found a similar moderate correlation between IER and tumor grade in AB-MRI. 12 Notably, higher IER in that study also increased AB-MRI lesion conspicuity and reader confidence in diagnosis. IER was also increased in HER2 1 and TNBC when compared to ER 1 /PR 1 breast cancers. HER2 1 and TNBC cancers are diagnosed at later stages, grow more quickly, and have a higher chance of recurrence and higher mortality rate than ER 1 /PR 1 cancers. 25, 26 As both HER2 1 and TNBC cancers are more likely to require neoadjuvant chemotherapy prior to surgery, 25, 26 identifying these receptor subtypes at the time of screening MRI would allow for earlier oncology referral and initiation of treatment. IER in our study also correlated with high ki-67, a marker of cell proliferation, and with node-positive invasive cancers. Similar to HER2 1 and TNBC, high ki-67 and positive axillary nodes at the time of diagnosis are associated with rapid local spread, decreased time to recurrence, and decreased disease-free survival. 24, 27 As high IER parallels the presence of these prognostic indicators, identifying cancers with higher IER can potentially identify more aggressive breast cancers.
The majority of studies to date of temporal kinetics in AB-MRI have focused on sequences with a temporal resolution of less than 10-20 seconds. These studies have demonstrated that malignant lesions have early arterial enhancement that occurs prior to background parenchymal enhancement in early postcontrast imaging. Mann et al found that maximum slope could distinguish benign from malignant lesions at 60 seconds with a sensitivity of 90% and specificity of 67%. Pineda et al similarly demonstrated that the initial slope for malignant lesions was at least six times that of benign lesions at 60 seconds postinjection. 29 Tudorica et al demonstrated that semiquantitative parameters derived from a 60-second acquisition have 100% sensitivity and 91% specificity. 31 No studies to date have evaluated the utility of the parameters derived from these novel sequences to differentiate tumor grade, receptor status, or similar markers of prognosis. Although these sequences offer high sensitivity for contrast washin, many trade increased temporal resolution for decreased spatial resolution and are not yet clinically practical for radiologists interpreting breast MRI. The chief advantage of IER compared to these measurements is that it can be quickly incorporated into current clinical use using conventional postprocessing software without requiring advanced imaging sequences or offline reconstruction. The strong interobserver agreement in our study furthermore suggests the high reproducibility of this measurement. In our study we also compared the diagnostic utility of IER to the gold-standard of washout kinetic curves and found that IER offers higher diagnostic utility for positive axillary nodes, with similar diagnostic utility to washout curves for biologically relevant cancers, invasive cancers, high ki-67, and positive axillary nodes. IER also offers higher specificity and PPV for lesions with high ki-67. As washout curves cannot be used by definition in AB-MRI, 13 the similar diagnostic utility of IER suggests it is a reasonable alternative to washout curves in AB-MRI. Although IER predicted tumor grade and receptor status and increased with higher background parenchymal enhancement, there was no such correlation with BPE or peritumoral BPE and tumor grade, size, axillary status, or ki-67. This finding suggests that IER reflects tumor angiogenesis rather than simply paralleling BPE. The correlation of IER but not BPE to tumor grade may also reflect our use of the first postcontrast scan to evaluate BPE, which enhances more slowly over time than most cancers and is higher at delayed timepoints. 39 Limitations of our study include its small sample size and its retrospective nature. Although higher numbers of DCIS and invasive cancer tumor grades would be optimal, pure low-grade DCIS and low-grade HER2
1 and TNBC invasive cancers are less frequent in our population, as reflected in the general population. 25, 26 We also did not evaluate the ability of IER to discriminate between benign and malignant tumors. As this was intended as a proof-of-concept study to evaluate the feasibility of including IER measurements in an AB-MRI, we chose to initially test this measurement in a population of known cancers. Further investigation of the use of IER prospectively in an AB-MRI in a larger screening population is ongoing and will allow us to evaluate both sensitivity and specificity in the context of AB-MRI.
In conclusion, high IER at first postcontrast imaging may be a useful imaging biomarker for higher-grade malignancy, HER2 1 , and TNBC cancers, and axillary invasion, all of which are associated with tumor recurrence after therapy. The high specificity and PPV of IER compared to washout curves suggest use of this measurement may also help decrease recalls and false-positive biopsies. As clinical interest grows in an abbreviated breast MRI protocol for screening, temporal kinetic measurements that can be incorporated into current workflows with conventional equipment are of increasing importance. IER is associated with higher-grade malignancies and tumor aggressiveness that is both easily assessed and integrated into an abbreviated breast MRI protocol.
